The opportunistic pathogen Candida albicans causes infection in immunocompromised hosts. 1) C. albicans is a dimorphic fungus that transforms from yeast to hyphal form depending on environmental conditions. The transition from yeast to hyphae of C. albicans is influenced by temperature, pH and Ca 2ϩ , and these signal transduction cascade is modulated by RAS1 which controls the cAMP pathway and MAP kinase cascade in C. albicans. [2] [3] [4] [5] As adenylate cyclase (CYR1) is a component of cAMP pathway and involved in growth signal, RAS1 activates both cell growth and hyphal transformation of C. albicans.
cells. When the number of hyphal cells of C. albicans was counted using this system, the resulted number was similar to the number calculated from the absorbance (data not shown). To establish anaerobic conditions, sodium sulfite (final concentration 10 mg/ml) was added to RPMI1640 medium. Na 2 SO 3 absorbs oxygen dissolved in RPMI1640 medium (Na 2 SO 3 ϩO 2 ϭ2Na 2 SO 4 ).
Amount of ATP in C. albicans C. albicans NIH A-207 (1ϫ10 6 cells/ml in RPMI1640 medium) was mixed with hinokitiol (final concentration 5 mg/ml), and incubated at 37°C in 5% CO 2 . After the incubation, the amount of ATP in C. albicans was measured using ChekLite 250 plus (Kikkoman Co., Ltd., Japan).
Quantification of mRNAs in C. albicans C. albicans (1ϫ10 6 cells/ml in RPMI1640 medium) was incubated with hinokitiol (5 mg/ml) at 37°C in 5% CO 2 for 4 h. After the incubation, the cells were harvested by centrifugation, and crushed using a Mini Bead-Beater (Central Scientific Commerce, Inc.) with glass beads (0.5 mm in diameter). Total RNA was extracted from crushed cells by a Total RNA purification kit MagExtraxtor (Toyobo Co., Ltd., Japan). The total RNA was mixed with dNTP Mix (Toyobo Co., Ltd., Japan) and random hexamers (Roche Ltd., Switzerland), then incubated at 70°C for 3 min. M-MLV Reverse Transcriptase (Ambion Inc.), 10ϫRT buffer (Ambion Inc.) and RNase inhibitor (Promega Co.) were added to this mixture and incubated at 42°C for 1 h. The reaction was terminated by heating at 92°C for 10 min, and the resulting mixture was used as a cDNA solution. The relative expression of the target gene in cDNA was analyzed by a 7500 Real Time polymerase chain reaction (PCR) System (Applied Biosystems). The gene arrangement was checked using the Entrez System of the National Center for Biotechnology Information. PCR primer and TaqMan MGB probe were designed using Primer Express (Applied Biosystems). For the quantification of RAS1 mRNA, FAM-TTTAGATACTGCTGGACAAGA-MGB, GACCCAACTATTGAAGATTCTTATCGT (sense) and AACCCTTCACCAGTTCTCATATATTGT (anti-sense) were synthesized. For the quantification of CYR1, FAM-CGATCGAGCTCTATCA-MGB, CGATGAAGCAGCCAC-AAGTG (sense) and TTGTCTTGAACTGCCAGACGAT (anti-sense) were synthesized. The relative expressions of mRNAs against 18 s rRNA were measured. 
RESULTS AND DISCUSSION
It is known that hinokitiol has antimicrobial activity. [9] [10] [11] However, there is no report describing antifungal activities of hinokitiol. In this study, we clarified the candicidal activity of hinokitiol as well as the mechanism underlying this activity.
C. albicans was cultured for 12h in RPMI1640 medium supplemented with hinokitiol at 37°C in 5% CO 2 , and the total number of C. albicans cells was calculated from absorbance at 620 nm. The growth of the cells was dose-dependently inhibited by the addition of hinokitiol (Fig. 1) . The concentration of less than 2.5 mg/ml of hinokitiol did not influence the growth (data not shown). These findings indicated that the MIC of hinokitiol against C. albicans NIH A-207 was 5 mg/ml. The MIC of hinokitiol against several C. albicans strains were similar to that of C. albicans NIH A-207 ( Table 1 ), indicating that hinokitiol exhibited antifungal activity to C. albicans strains.
As the growth of C. albicans is controlled by the respiration system, 8) we expected that hinokitiol affected the function of the system. To clarify the effect of hinokitiol on the growth of C. albicans under anaerobic condition, C. albicans was cultured with hinokitiol in RPMI1640 medium supplemented with 10 mg/ml of Na 2 SO 3 . The sensitivity of C. albicans to hinokitiol under aerobic conditions was higher than that under anaerobic conditions (Fig. 2) , indicating that hinokitiol mainly inhibited growth under aerobic respiration system such as the tricarboxylic acid cycle (TCA cycle) and electron transfer system. If the respiration system was inhibited by hinokitiol, the amount of ATP in C. albicans might be decreased. To examine the effect of hinokitiol on the respiration system of C. albicans, we measured the amount of ATP in C. albicans cells treated with hinokitiol. The amount of ATP in C. albicans treated with 5 mg/ml of hinokitiol was similar to that of the control (data not shown), suggesting that hinokitiol did not inhibit the respiration system. As shown in Fig. 4 , the respiration signal of C. albicans is branched at Co-enzymeQ (CoQ) to the ATP production system and CYR1 activation system. 8) The growth of C. albicans is regulated by adenylate cyclase (CYR1), which is activated by RAS1 protein. 6 ) As RAS1 activation is controlled by the aerobic respiration system, 8) we hypothesized that hinokitiol inhibited the RAS1-mediated signals. To test this hyphothesis, the expressions of mRNAs in the signal pathways (CYR1 and RAS1) were 736 Vol. 31, No. 4 C. albicans (1ϫ10 6 cells/ml in RPMI1640 medium) was mixed with hinokitiol (2.5, 5.0, 10.0 mg/ml) and cultured at 37°C, 5% CO 2 for 24 h, and the amount of cells was measured at OD 620 to determine the MIC of hinokitiol. C. albicans (1ϫ10 6 cells/ml in RPMI1640 medium) was mixed with hinokitiol (5 mg/ml) and cultured at 37°C, 5% CO 2 for 4 h. After incubation, the relative expression of mRNAs was determined as described in Materials and Methods. The relative expressions of mRNAs against 18 s rRNA were indicated. The data represent meansϮstandard error of three independent experiments. measured. The expressions of these mRNAs were significantly decreased by hinokitiol (Fig. 3) , indicating that hinokitiol inhibited the RAS1 signal pathway and induced the growth-inhibition of C. albicans. As C. albicans could grow in anaerobic condition (Fig. 2) , C. albicans might have an anaerobic growth system which was independent on the respiration system and RAS1 pathway. Although the elements of growth system functioned in anaerobic condition were not clarified, anti-fungal activity of hinokitiol in anaerobic condition was demonstrated. These results indicated that when hinokitol is used for the treatment of oral candidiasis, hinokitiol may effectively injured not only Candida cells attached to the surface of oral cavity but also the cells deep-invaded in a plaque on a tooth.
